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Soil Structure and Mixing Controls on Water-Rock Contact:
Implications for Enhanced Weathering

Shashank Kumar Anand! ©, Matteo Bertagni2 , Felipe Aburto®, and Salvatore Calabrese’

'Department of Biological and Agricultural Engineering, Texas A&M University, College Station, TX, USA, *Department
of Environment, Land and Infrastructure Engineering, Turin, Italy, 3Department of Soil and Crop Sciences, Texas A&M
University, College Station, TX, USA

Abstract Enhanced weathering (EW), the addition of finely ground silicate rock powder (RP) to soil, has
emerged as a promising carbon removal strategy. However, quantifying weathering rates in soils remains
challenging, as most continuum-scale EW models do not adequately account for the fraction of RP surface area
(SA) that is wet at a given soil moisture and thus actively weathering. Here, we study how soil pore structure, RP
particle size distribution, and RP mixing degree within the soil control water-rock contact. Using a soil-physics-
based framework, we derive a scaling factor that quantifies the wet fraction of RP SA as a function of soil
moisture and mixing degree within soil pores. This scaling factor varies nonlinearly with soil moisture for
typical soil pore structures and RP particle size distributions, countering previous zero-order (independent of
soil moisture) or linear assumptions. The scaling factor evolves dynamically with hydrological fluctuations and,
for a given pore structure and RP mixing degree, it can span nearly two orders of magnitude with changes in
median particle size. To illustrate its application, we integrate the derived scaling factor into the Soil Model for
Enhanced Weathering and examine the sensitivity of simulated weathering fluxes to mixing degree under
otherwise identical conditions. Under low mixing, results show that average weathering rates are roughly two
orders of magnitude lower than under perfect mixing over 1 year of application. Our work provides a
mechanistic, computationally efficient framework for representing water-rock contact in soil, offering a
pathway to improve continuum-scale EW models.

Plain Language Summary Enhanced weathering (EW) is a strategy that spreads finely ground
silicate rock powder (RP) over soils to remove atmospheric carbon dioxide (CO,). However, predicting how fast
the RP weathers and therefore how much CO, it can remove remains highly uncertain in soils. This is partly
because most continuum-scale EW models assume that the entire surface area (SA) of the added RP is always in
contact with water. Here, we show that the degree of RP mixing in the soil, the soil pore structure, and the level
of soil moisture all strongly influence the portion of the rock surface that is actually in contact with water and
can react. We develop a new, soil-physics-based framework to calculate the “wet” fraction of the RP SA under
different soil and mixing conditions. We find that this wet fraction varies nonlinearly with soil moisture levels
and the degree of mixing, which in turn affects the overall weathering rate of the added rock particles. Our
framework helps explain part of why observed weathering rates in the field are often lower than predicted. It also
provides a practical way to improve continuum-scale EW models and better estimate the carbon removal
potential of EW.

1. Introduction

Enhanced weathering (EW), which consists of amending agricultural or forest soils with pulverized silicate
rocks, is a promising Carbon Dioxide Removal (CDR) technology with significant potential to store carbon for
geologic timescales and low technological barriers (Beerling et al., 2025; Hartmann et al., 2013; Kohler
et al., 2010). Yet, it remains one of the most unconstrained CDR technologies in terms of realized carbon
removal rates due to both experimental quantification and modeling challenges (Buckingham et al., 2022;
Calabrese et al., 2022; Clarkson et al., 2024; H. Deng et al., 2023; Power et al., 2025). With a growing interest
in EW (Gaucher et al., 2025; Kantzas et al., 2022; Paulo et al., 2021) and the global CDR market (Michaelowa
et al., 2023; Smith et al., 2024; Sovacool et al., 2023), it is critical to innovate on experimental and theoretical
approaches that can accurately quantify and predict rates of CDR across diverse soil types, climates, and
deployment characteristics.
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In soils, silicate RP particles (typically pulverized to silt size, 10-1,000 pum) interact with water and dissolved
CO,, leading to mineral dissolution, alkalinity release, and aqueous bicarbonate formation (Bertagni & Por-
porato, 2022; Hartmann et al., 2013). As these weathering products follow the hydrological cycle, they can
precipitate on land, forming carbonate minerals (this reduces the CO, sequestration by half), they can be partially
lost to soil absorption and plant uptake (Calabrese et al., 2022; Hartmann et al., 2013), or they can remain in the
water and ultimately reach the ocean (Bertagni & Porporato, 2022; Zhang et al., 2025), mitigating ocean acid-
ification (Renforth & Campbell, 2021; Taylor et al., 2016) and storing carbon for geological timescales (Archer
et al., 1997; Renforth & Henderson, 2017). At the global scale, recent techno-economic studies set the CO,
sequestration potential of EW on the order of Giga tonnes CO, yr~! if broadly implemented by highly emitting
countries (Beerling et al., 2020, 2025; Strefler et al., 2018). Realizing the potential of EW requires optimizing
deployment, which hinges on improving predictions and quantifying the uncertainties of RP dissolution rates.

While CDR estimates for EW show promise, significant uncertainties persist, particularly concerning the initi-
ation of CO, removal in soils, which is governed by RP dissolution rates (Andrews & Taylor, 2019; Brant-
ley, 2025; White & Brantley, 2003). Even natural mineral weathering rates are highly variable (Brantley, 2025),
strongly influenced by temperature (K. Deng et al., 2022), climate aridity (Calabrese & Porporato, 2020), and
ecosystem properties (Hunt, 2021). Extrapolating laboratory findings, which are often obtained under controlled
extrinsic parameters such as temperature and pH, tends to yield dissolution rates that deviate from those observed
in the field, posing a well-known challenge in geokinetics (Paces, 1983; White & Blum, 1995; Brantley, 2025).
Most weathering rate estimations to date have been conducted in agitated, abiotic acid-filled flasks (Palandri and
Kharaka, 2004), which limits our understanding of how added RP behaves in the complex, multiphase soil en-
vironments encountered in EW applications (Calabrese et al., 2022; H. Deng et al., 2023; Klemme et al., 2022;
Power et al., 2025; White & Brantley, 2018). This added layer of complexity makes the uncertainty in RP
dissolution rates particularly dominant in EW applications, as emphasized in a recent model-experiment com-
parison (Bertagni et al., 2025).

From a mechanistic standpoint, the structure of the soil pore space and the spatial distribution of added RP
particles within it exerts a critical control over the fraction of RP surface area (SA) that comes into contact with
water at any given time. Although pore-scale reactive transport modeling has made significant strides in quan-
tifying water—rock powder collocation and improving estimates of weathering fluxes in soils (Jung & Navarre-
Sitchler, 2018; L. Li et al., 2006; Molins et al., 2012; Parmigiani et al., 2011), such models remain computa-
tionally intensive and can be challenging to scale for modeling large-scale EW predictions. Meanwhile,
continuum-scale models used to estimate EW potential at field or regional scales typically do not incorporate
pore-scale information about soil structure, RP particle characteristics, or the degree of mixing, all of which
directly influence the wet fraction of the SA of the added RP that can react.

In continuum-scale reactive transport (Beerling et al., 2020; K. Deng et al., 2022; Kanzaki et al., 2022; Kanzaki
et al., 2024; Taylor et al., 2016) and ecohydrological (Bertagni et al., 2025; Cipolla et al., 2021a, 2021b) models
for EW, weathering fluxes are generally calculated as the product of the weathering rate per unit SA (W,, in mol
m~2 s, typically derived from standard kinetic formulations dependent on pH and temperature (Palandri and
Kharaka, 2004), and the total SA of applied RP. The latter is estimated either through direct measurement or
inferred from particle size distributions. One-dimensional reactive transport models often assume that the entire
rock surface is always actively reacting, effectively treating all added RP as continuously exposed to soil water
(Beerling et al., 2020; Kanzaki et al., 2022), while zero-dimensional ecohydrological and biogeochemical models
tend to scale wet SA linearly with soil moisture level (Bertagni et al., 2025; Cipolla et al., 2021b). Neither
approach considers how the spatial distribution of water and RP particles within the soil matrix, a function of soil
structure, RP particle size distribution, and mixing, influences the dynamics of the wetted SA.

Motivated by the lack of parameterizations for interactions among soil structure, RP particles, and water, we
develop a soil-physics-based scaling framework at the continuum scale to estimate the fraction of RP SA that is
wet and therefore actively contributing to weathering at a given time. Our theoretical approach explicitly in-
corporates small-scale information on soil structure, RP particle characteristics, and degree of mixing. In Sec-
tion 2, we present the theoretical basis for our approach, deriving a scaling factor for the wet SA and introducing a
parsimonious metric to quantify rock-particle mixing within soil pores. In Section 3, we explore the influence of
soil texture and a range of RP sizes on the scaling of the wet SA with soil saturation. To demonstrate the
applicability of our framework, we then incorporate the dynamic scaling factor into the Soil Model for Enhanced
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Figure 1. Soil pore structure controls the extent of water contact with added rock powder (RP) particles at a given degree of
soil moisture saturation. In enhanced weathering applications, a common assumption is a zero-order response with full
wetting (¢ = 1) (Beerling et al., 2020; Kanzaki et al., 2022; Taylor et al., 2016), or a linear relationship with saturation,

¢ = s(Bertagnietal., 2025; Sverdrup & Warfvinge, 1988). We expand upon these empirical approximations by accounting for
the spatial overlap between water-filled pores and the positions of RP particles within the soil pore structure, obtaining a
nonlinear dependence of £ on soil moisture.

Weathering (SMEW) (Bertagni et al., 2025) to quantify the impact of our novel expression for the wet SA on EW
applications under varying hydrological conditions and rock-particle mixing scenarios. This application is
intended only to investigate the sensitivity of RP dissolution to the scaling factor, rather than to estimate actual
weathering rates. Finally, Section 4 concludes with implications of the proposed framework for improving es-
timates of reactive RP SA in continuum-scale EW models and discusses future directions for modeling im-
provements and experimental validation.

2. Linking Water Contact of Rock Powder to Soil Structure at the Continuum Scale

As RP particles are added to soils, their wet SA (SA,,) at any time (¢) depends on their contact with soil water
and, thus, will be only a portion of the total SA. This relationship can be expressed as

SAye (1) = &(1) SA, 1

where £ is a scaling factor for the wet SA, ranging from O to 1. Due to the lack of a mechanistic theoretical
framework, most continuum-scale EW models to date either assumed £ = 1 (Beerling et al., 2020; Kanzaki
etal., 2022; Taylor et al., 2016), that is, all SA of the added RP is continuously in contact with soil water, or scaled
it linearly with degree of saturation of soil pores (Bertagni et al., 2025; Cipolla et al., 2021b), as illustrated in
Figure 1. We will show that £ is a strongly nonlinear function of soil saturation that also depends on soil pore
structure, RP particle size distribution, and the degree of RP mixing within the soil matrix.

2.1. Conceptualizing the Wet Surface Area as a Function of Soil Moisture

To mathematically formulate &, it is helpful to recall that the soil matrix comprises an arrangement of random-
sized aggregates, with the pore space between them occupied by air and water (Dlapa et al., 2020; X. Li &
Zhang, 2009; Nimmo, 2004). At equilibrium, water occupies the smallest pores with higher tension (more
negative water potential) and fills progressively larger pores as soil water saturation increases. Following a
common representation in soil physics and hydrology (Brutsaert, 2023; Porporato & Yin, 2022), we characterize
the soil pore space ¢ as a bundle of capillary tubes, with §, and ¢, denoting the smallest and largest pore tube
sizes, respectively. At equilibrium, the soil pore size distribution f,({) and the relative soil moisture s (i.e., the
degree of pore saturation) are then related by
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Figure 2. Influence of soil pore structure and degree of mixing on water availability for rock powder (RP) particles in the soil
pore space {. The soil pore size distribution (f, ({)) is shown in brown, and the distribution of RP particle locations within the
pore space (f;()) is shown in green. The largest water-filled pore ({,,), indicated by dashed blue lines, indicates water
availability for RP particle dissolution. The smallest pore accessible to RP particles depends on their size and the degree of
mixing. Under low mixing, RP particles are confined to larger pores; as mixing increases, they can access smaller pores. Under
perfect mixing, the location distribution matches the RP particle size distribution.

Cw
f £OdC = Fy(5) = s @

Pmin

where {,, corresponds to the largest soil pore size occupied by soil water. In other words, the cumulative pore size
distribution Fp(é' W) corresponds to the relative soil moisture s. This equals one when ¢,, reaches the largest pore
size §, (all soil pores are water-filled) and tends to zero as soil dries and {,, approaches the smallest pore size
¢y This relationship is the standard soil physics approach linking pore size distribution to hydraulic properties,
such as water retention and hydraulic conductivity at the continuum scale (Brutsaert, 2023; Hillel, 2013; Mua-
lem, 1976; Van Genuchten, 1980), and here, and it provides the basis for determining the fraction of added RP SA
that is in contact with water.

As water potential becomes more negative with decreasing soil moisture level, water becomes increasingly
confined to smaller soil pores. Consequently, for RP particles in unsaturated soil (s < 1), the fraction of particles
located in small, water-filled pores will be in contact with water and therefore reactive, whereas particles located
in larger, air-filled pores will not. This behavior is illustrated schematically in Figure 1, where the fraction of wet
reactive SA approaches 0 as the soil dries and approaches 1 as the soil becomes saturated (due to rainfall or
irrigation). How the fraction of wet RP SA varies with soil moisture thus depends on the available pores and
where the RP particles are located, that is, the overlap between soil pore and RP particle location distributions in
the space of ¢.

The location of added RP particles within the soil pore space depends upon their sizes, as a particle of diameter d
can only occupy a pore of size { equal to or larger than d, { > d, as well as the degree to which they are mixed into
the soil. Without significant mixing, RP particles of diameter d are likely to be deposited in larger pores, limiting
their interaction with water. With a higher degree of RP mixing in soil, particles are more likely to reach pores
close to their size ~ d, a fact that may increase their chances of interacting with water. As a result, for a given soil
pore size distribution (brown curve in Figure 2), the distribution of added RP particle locations (hereafter, RP
location distribution f,,({); green curve in Figure 2) is concentrated and peaked around the largest pores under low
mixing. As the mixing increases, the RP location distribution more closely approximates the actual RP particle
size distribution (subject to the constraint { > d).
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2.2. Quantifying the Surface Area Scaling Factor and the Degree of Mixing

We mathematically formulate the scaling factor for wet SA by considering RP diameters d ranging from a
minimum d,,;, to a maximum d,,,,, with a size distribution f,;(d). Within the soil pore space ¢, these particles
occupy pores ranging from ¢,; to {,; , described by a location distribution f;(£). Assuming the existence of a
function, informed by experimental observations or theoretical considerations, that links rock diameters d to the
pore size { where they are located, denoted as d = M((, a), where a quantifies the degree of mixing (see below),
a mathematical expression for the scaling factor £ in Equation 1 can be derived. The general time-varying form of
¢ depends on the mixing degree, soil moisture s, the soil pore size distribution f,({), and the RP location dis-
tribution f,({), and is given by

0 Eu(8) < G
. £ My xfu(Od e 5

o M@ ay xfu@dg

! Crtr < G0 9).

‘max

where (,, is related to soil moisture s based on Equation 2. As a result, any changes in the soil pore structure (for a
known f, () at a given time) can be readily incorporated into the calculation of &, including changes that arise from
different mixing operations that significantly alter the soil pore distribution.

Equation 3 expresses the fact that the SA scaling factor £ is given by the total (viz., the integral) SA of particles
located in the smaller water-filled pores. £ equals zero when soil moisture is low enough that only the smallest
pores (smaller than the minimum pore occupied by the particles, i.e., {,; ) are filled with water. £ approaches one
under well-watered conditions, where the largest pores occupied by the particles are also filled with water
($w = &y, )- For intermediate conditions, ¢ is determined by the normalized second moment of the RP location

distribution, and the upper integration limit is given by ¢,,(s), which corresponds to the blue-colored region under
the f£,({) curve in Figure 2.

Given that, in EW experiments, it is challenging to measure the spatial distribution of RP particles within the soil
matrix, we characterize the degree of mixing between RP particles and soil pores by defining a as the normalized
linear distance between the particle size d and the pore size ¢ (equal or larger than d) in which the RP particle is
located,

azé:_dmax. (4)

- dmax

By inverting Equation 4 to obtain d, the function linking RP particle location to particle size can be expressed as
M(L,a) = ({ — (1 — &) dy.y)/a. The underlying assumption in this characterization is that Equation 4 applies
across all RP particle sizes. Although this relationship could be adjusted if more detailed information on RP
particle-level mixing were available from experimental evidence or theoretical considerations, such information
is generally not available in EW studies and lies outside the continuum scale typically used in EW modeling.

a approaches one in the case of perfect mixing, where all RP particles of size d occupy soil pores of size { = d.In
contrast, a decrease in the value of « indicates reduced mixing. For instance, when a = 0.5, each RP particle is
located, on average, in a pore midway between its own size and the maximum RP size. As a result, ¢,  shifts
halfway toward {,, , which, according to Equation 3, leads to § = 0 if the largest water-filled pore ¢,, does not
exceed this shifted threshold. Consequently, a large fraction of the smaller particles is excluded from finer, water-
filled pores closer to their own size, substantially reducing their potential contact with water compared to perfect
mixing (@ = 1). A low value such as @ = 0.5, therefore, corresponds to a low mixing scenario, where even small
RP particles are clustered in coarser pores, such as after surficial RP application that leaves particles initially
residing in large pores near the soil surface. Even in such cases, however, the effective mixing degree can vary
both vertically and temporally as particles are mixed by natural or anthropogenic processes within the soil
substrate. This is further discussed in Section 4.
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2.3. Analytical Expression for & Under Perfect Mixing

A commonly reported shape for RP particle size distribution is the one of a log-normal (Beerling et al., 2020;
Hartmann et al., 2013), which can also be reproduced by a truncated gamma distribution. From a theoretical
perspective, if f,;(d) is represented by a gamma distribution with shape parameter 7 and scale parameter 6, that is,

1
frald;y,0) = ]\70"7_1@_‘1/9, Q)
f

where the normalization constant N, is equal to I'() X €' as rock diameter d ranges from d;, — 0 to
dmax — oo and T'(+) denotes the gamma function (Abramowitz & Stegun, 1965).

Under the assumption of perfect mixing (i.e., @ = 1 and M({) = (), a condition that may be obtained with time,
after an initial artificial rock-soil mixing, as rainfall and bio-turbation redistribute the added RP particles within
the soil matrix, the variation of scaling factor £ in Equation 3 can be written analytically as

oo f e

/;E’rlmux C»Hl e~hdr N

‘min

= Fy(Cwin+2.0), (©)

which is an integral of a gamma distribution with an updated shape parameter # + 2 and a new normalization
constant N, in the pore space {. In other words, the cumulative gamma distribution F, (Cw; n+ 2,0) corresponds
to the £ at the relative soil moisture s. In the case of the integration limits {,, ~— Oand {; ~— oo, £ can be

written explicitly as & = m}/(n + 2, g), where y(-,-) is the lower incomplete gamma function (Abramowitz

& Stegun, 1965).

3. Results

To demonstrate the application of the framework derived in Section 2, we use Equations 3 and 4 to quantify how
the SA scaling factor &, defined as the fraction of the total RP SA that is wet, varies with soil moisture across
representative scenarios of RP particle sizes, soil pore size distributions, and the degree of mixing.

3.1. Nonlinear Dependence of the Wet Surface Area on Soil Moisture: Role of Pore Structure and Mixing

We adopt the double-exponential (DE) model (Dexter et al., 2008) to represent the soil pore structure here, which
distinguishes between textural and structural pore domains and has been calibrated across various soil texture
classes (Ding et al., 2016). While the DE model is employed here for the analysis, our theoretical framework for
the wet SA is flexible and can be applied with other soil pore models, such as Brooks and Corey (Brooks, 1965),
van Genuchten (Van Genuchten, 1980), and others (Hill et al., 1985; X. Li & Zhang, 2009), as well as with
experimental pore size data (Nimmo, 2004; Wildenschild & Sheppard, 2013). In this analysis, we consider silt and
loamy soils using the DE model parameters from Table 3 of Ding et al. (2016). Reported RP sizes in EW ap-
plications span a wide range from tens to thousands of micrometers (Amann et al., 2020; Kelland et al., 2020; te
Pas et al., 2023). The RP particle size distribution is modeled here using a truncated gamma distribution with
median diameters ranging from 50 to 450 pm, and a maximum cutoff of 1,000 um to reflect practical limits of RP
fragmentation.

To incorporate the effect of mixing on the wet SA, we apply Equation 4 to simulate low (@ = 0.5), intermediate
(a = 0.75), and perfect (o« = 1) mixing scenarios for each soil texture and rock size distribution. Computing the
scaling factor using Equation 3 requires specifying a soil pore size distribution f,({) for each scenario. If £,({) can
be directly estimated from the mixed (RP and soil) particle size distributions (as shown in Figures S1 and S2 in
Supporting Information S1), that distribution can be used. Alternatively, f,({) can be approximated as the original
soil pore size distribution, given that in standard conditions the mass (or volume) ratio between RP and soil
substrate is low. This formulation allows us to isolate the sensitivity of the wet SA at a given soil moisture level to
RP particle size and mixing degree, under otherwise similar soil pore structures.
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Figure 3. Scaling factor ¢ for the wet surface area (SA), computed using Equation 3, shown as a function of relative soil
moisture s under six different combinations of RP mixing and soil pore structure. Rows correspond to increasing degrees of
mixing: low (a = 0.5, top), intermediate (¢ = 0.75, middle), and perfect mixing (¢ = 1, bottom). Columns represent
increasing soil coarseness, from silty-textured soil with finer pores (left) to loamy soil with coarser pores (right), based on the
double-exponential model (Dexter et al., 2008). Each panel (a—f) displays &(s) curves for particle size distributions with median
diameters ranging from 50 pm (yellow) to 450 pm (blue). The combined effects of soil pore structure and mixing efficiency
modulate the wet SA of the added particles nonlinearly with changing soil moisture.

The combination of soil textures and mixing degrees yields six distinct scenarios, each analyzed across various
median RP sizes. Figure 3 presents the variation of the SA scaling factor £ as a function of soil moisture across
these scenarios, where soil texture increases from left to right, and mixing efficiency increases from top to bottom.
Across all cases, we observe that & exhibits a highly nonlinear response with respect to soil moisture, clearly
departing from the first-order linear approximation commonly used in past models (Bertagni et al., 2025; Cipolla
et al., 2021b; Sverdrup & Warfvinge, 1988) or the zero-order responses implied in others (Beerling et al., 2020;
Kantzas et al., 2022).

Figure 3 demonstrates that £ becomes negligible at low soil moisture levels, as the RP does not come into contact
with water-filled pores. The threshold soil moisture at which water-rock contact begins is influenced by the size of
the RP particles and, even more, by the degree of mixing. Under perfect mixing, smaller particles access water-
filled pores more readily, leading to higher £ values even at lower moisture levels. For a given RP particle size
distribution, an increase in soil pore size elevates £ under drier conditions (e.g., Figures 3e and 3f), while reduced
mixing suppresses it. For instance, in the intermediate mixing scenario (Figure 3d), £ remains zero below 60%
saturation (s < 0.6) because smaller particles fail to occupy the smallest available pores. In contrast, perfect
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Figure 4. Variation of the SA scaling factor & with particle size under well-watered conditions. (a) Rock powder particle size
distributions (f4(d)), with median sizes ranging from approximately 50 to 450 pm. (b) & in well-watered (s = 0.6) and
perfect mixing (@ = 1) conditions, showing orders of magnitude variations as a function of the median RP particle size.

mixing in a loamy soil (Figure 3f) results in nonzero £ values across a large range of soil moisture values well
below 0.6.

3.2. Variation of the Surface Area Scaling Factor With Median Rock Size

Figure 4 presents the variability in the SA scaling factor £ as a function of the median RP size. The analysis uses
particle size distributions with median values ranging from 50 to 450 pm (Figure 4a) and evaluates the corre-
sponding changes in £ across two soil textures (loam and silt) under the assumption of perfect mixing. To isolate
the influence of particle size on SA scaling under well-watered conditions, we compare & values at s = 0.6,
representative of well-watered states for these soils (Laio et al., 2001; Porporato & Yin, 2022).

Even under favorable moisture conditions and ideal mixing, £ spans nearly two orders of magnitude, indicating a
strong sensitivity to particle size. This pronounced decline in £ with increasing median particle size results from a
growing mismatch between the larger dry pores occupied by coarser particles and the relatively smaller water-
filled pores, which limits water-rock interaction even under perfect mixing. While Figure 4b focuses on me-
dian particle size, it is important to note that as mixing decreases (i.e., lower «), for fixed pore structure and
particle size distribution the £ — s relation shifts further to the right (e.g., Figures 3a, 3c, and 3e), indicating lower
& values at a given soil moisture. This highlights that while reducing particle size improves reactivity, the degree
of mixing, and its evolution over time, can exert an equally strong control on effective wet SA, with implications
for observed EW rates in soil. The next section explores this effect in detail using EW model simulations.

3.3. Implications for Enhanced Weathering Rates

To evaluate the implications of the derived scaling factor £ on EW fluxes, we incorporated the & framework into
the SMEW (Bertagni et al., 2025), an updated version of the original model developed by Cipolla et al. (2021b).
SMEW is an ecohydrological and biogeochemical model designed to simulate weathering fluxes in the upper soil
layers where RP particles are applied. SMEW has successfully reproduced several experimental observations,
relying on an empirical, data-driven correction factor for the kinetic coefficients to match observed weathering
rates. In most experimental cases, this factor is consistently less than one, pointing to uncertainties in kinetic
coefficients likely originating from unaccounted processes affecting dissolution. While various abiotic and biotic
controls may contribute to this uncertainty, the integration of the £ scaling factor allows us to assess whether soil
structure and RP particle sizes, via their influence on water-rock interaction, may partially explain the order of
magnitude reduction in observed rates.
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We developed and integrated a new weathering solver in SMEW based on Equation 3 and conducted a 1-year
simulation of the application of 1 kg/m® of forsterite (Mg,Si0,) with a median grain size of 150 pm in a
temperate humid climate and 30 cm loamy soil, evaluating distinct soil-water-rock interaction scenarios. The first
model scenario, termed the zero-order approximation, assumes the entire RP SA is always wet (£ =1 in
Equation 1). The second corresponds to the default configuration in the SMEW, where SA,,.(?) is linearly scaled
with the relative soil moisture (£ = s). In the third scenario, £ is computed based on soil texture, RP particle size
distribution, and degree of mixing following Equation 3. In particular, we consider the case of perfect mixing
(a = 1), intermediate mixing (@ = 0.75), and low mixing (¢ = 0.5). While the degree of mixing may evolve as
particles dissolve and shrink, we assume a fixed a value over the simulation period, which is an optimistic
scenario in which particles redistribute into smaller pores as they weather. All scenarios share identical envi-
ronmental and soil parameters, including a mean annual temperature of 13°C and mean annual precipitation of
1,000 mm. The soil is an acidic loam (initial pH = 4) with an initial OC content of 5%, with a pore size distribution
defined by the DE model (Figure 3). We evaluated that applying 1 kg m~? of forsterite in 30 cm loamy soil
produces only a 0.25% reduction in bulk soil porosity and negligible changes in the pore size distribution f£,({)
across mixing scenarios (Figure S1 in Supporting Information S1). Even when considering a shallower soil profile
(20 cm) and a fivefold higher RP application rate, changes in bulk porosity and the pore size distribution remain
small (Figure S2 in Supporting Information S1). Accordingly, we employ the same pore size distribution to
compute ¢ using Equation 3 for all RP mixing scenarios. This assumption can be relaxed for RP applications or
mixing conditions under which RP addition or soil-disturbance processes substantially modify the pore structure.

Figure 5 presents the temporal evolution of the weathering flux and RP dissolution across the five scenarios for a
numerically generated rainfall and soil moisture time series. The scenarios yield distinct temporal dynamics in
dissolution rates, with the zero-order approximation yielding the highest total EW flux and the low-to-
intermediate mixing cases exhibiting the lowest rates throughout the year (Figure 5b). The linear and perfect
mixing scenarios fall between these two extremes. The zero-order approximation exhibits dynamics that is not
directly linked to soil moisture, and is governed solely by soil biogeochemical conditions. The linear approxi-
mation, with slightly lower weathering rates, is moderately more variable, reflecting the influence of the soil
moisture dynamics. All weathering rates estimated through mixing of pore size and particle size distributions are
significantly more variable due to highly nonlinear dependence on soil moisture. This variability is greater for low
mixing degrees, as high weathering rates arise only at high soil moisture when water eventually fills the larger
pores where RP particles reside.

This sensitivity to the degree of RP mixing within the soil matrix influences the average total weathering rates
across different mixing scenarios. Although the average rates under perfect mixing and a linear approximation are
similar, the intermediate-to-perfect mixing scenario yields a weathering rate ratio of (EW,jy4=075)/
(EW,jiva=1) = 0.35, while the low-to-perfect mixing ratio (EW iy 405 ) /(EWjiy.q=1) drops sharply to just
0.032. These high variations in EW rates highlight the strong control that mixing exerts on realized dissolution
rates for a given soil type and initial rock distributions. Compared against the zero-order assumption, where
the entire rock surface is assumed to be always wet, the average total weathering rate ratios are
(EWiiva=1) /{EWaiiv zero) = 0.86, (EWoiiya=0.75 ) /{EWoiivzero) = 0.3, and (EWopiva=0.5) /{EWaiiv,zer0) =
0.03. The implications of these rate differences become clearer in Figure 5c, which shows the evolution of residual
rock mass under each scenario: low mixing leaves nearly 98% of the initial mass intact, whereas intermediate to
perfect mixing reduces it to 78% and 37%, respectively. In comparison, the linear and zero-order cases show more
extensive dissolution, with only 36% and 26% of the rock mass remaining.

Differences in weathering rate dynamics also affect the temporal evolution of RP particle size (Figure 6a) and, in
turn, the scaling factor £. The zero-order scenario shows the most pronounced RP dissolution, whereas in the low
mixing scenario, the distribution does not shift significantly over the year. All other scenarios fall in between. As
particle sizes decrease, the scaling factor £, which depends on the particle size distribution, changes. In particular,
the relationship between the proposed nonlinear scaling factor ¢ and relative soil moisture s shifts leftward over
time, reflecting the migration of dissolving RP particles into smaller soil pores. The importance of these temporal
changes in £ is evident when comparing with typical approximations. For example, consider the perfect mixing
and linear approximation scenarios, for which the average dissolution rates are comparable. Due to the shape of &
(Figure 6b), the linear approximation overestimates £ at low soil moisture saturation and underestimates it at high
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Figure 5. Impact of the ¢ scaling factor on the simulated weathering rates. Simulation run with Soil Model for Enhanced
Weathering (SMEW) for an application of forsterite (1 kg m~>) in 30 cm loamy soil (pore structure following Figure 3) of a
temperate humid climate (mean annual rainfall = 1,000 mm, mean annual temperature = 13°C). (a) Rainfall and soil
moisture time series. (b) Enhanced weathering rates under different approximation: for the proposed soil structure approach, the
cases of low (a = 0.5), intermediate (¢ = 0.75), and perfect mixing (a« = 1) are considered and compared to the baseline
cases with zero (SA,(7) equal to SA(¢) in Equation 1 for all time 7) or first order (linear dependence of wet surface area on the
relative soil moisture, i.e., &(r) = s(¢) as the default case of SMEW). (c) Temporal dynamics of mineral rock powder mass over
the year, with the percentage of rock mass remaining at the end of the year being 98%—37% in low to perfect mixing scenarios,
compared to 26% in the zero-order approximation.

soil moisture saturation. As the & — s relation shifts to the left over time, the soil moisture threshold at which the
linear approximation underestimates £ decreases.

These results stress the importance of considering particle sizes and how they dynamically interact with the
pore structure, a process that is captured by & and not by the common zero-order and linear approximations
(Figures 5 and 6). With the same initial particle size distribution, the degree and evolution of mixing strongly
modulate the extent of RP dissolution. For example, under low mixing conditions (¢ = 0.5), weathering fluxes
are markedly reduced compared to the perfect mixing scenario (@ = 1), with average weathering rates nearly
two orders of magnitude lower and roughly three times more residual rock mass remaining after 1 year. These
findings underscore the importance of mechanistic constraints imposed by soil pore structure and mixing dy-
namics, offering a potential explanation for the persistent gaps between predicted and observed EW fluxes in soils
(Brantley, 2025; Buckingham et al., 2022; Calabrese et al., 2022; Power et al., 2025).

4. Discussion and Conclusions

Incorporating small-scale information on soil pore structure, RP characteristics, and the degree of mixing, we
developed a nonlinear scaling framework to estimate the fraction of RP SA that is wet and therefore potentially

ANAND ET AL.

10 of 15

85U8017 SUOILIOD 3AI1a.D 3(eat|dde 8y} Aq paupAob 88 S3o1e YO ‘88N JO S9N 10} Akeiq1 8UIIUO A8|IA UO (SUORIPUOD-PUE-SWRYALI0D A8 | I ARR1q 1 BUIIUO//SANL) SUOTIPUOD pUe SWB | 8L} 89S *[9202/20/€0] Uo ArigITauIuO A8|IM ‘outio] 1A Hiod PA [4!1g ‘SIS 0uLo L Id 091uosl|od Aq 6. T0MMSZ0Z/620T OT/I0p/W00 A8 1M Atelq1jeut|uo'sgndnBey/sdiy wouy papeojumod ‘g ‘9202 ‘€L6L7v6T



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Water Resources Research 10.1029/2025WR041479

o

leb b

il [\ 0.0

0.3 0.6 0.9
s[-]
01 Zero-order approximation
0 200 400 600 800 1000 Linear approximation
Diameter [pm] Eq. (3) at r=0, perfect mixing
- Eq. (3) at r=1 yr, perfect mixing

RP particle distribution [by mass]

Initial RP particle distribution *** Observed range of &, perfect mixing
Distribution at =1 yr, Zero-order approximation Eq. (3) at =0, intermediate mixing
Distribution at t=1 yr, Linear approximation Eq. (3) at =1 yr, intermediate mixing
Distribution at r=1 yr, Eq. (3) - perfect mixing Observed range of &, intermediate mixing
Distribution at t=1 yr, Eq. (3) - intermediate mixing Eq. (3) at r=0, low mixing

Distribution at =1 yr, Eq. (3) - low mixing Eq. (3) at =1 yr, low mixing

Figure 6. Evolution of the RP particle distribution under different water-rock contact scenarios considered in Figure 5.

(a) The gray curve presents the initial distribution, with five colored curves showing the RP particle distribution at the end of

1 year under different SA () scenario runs, including the proposed role of soil pore structure and mixing degree. While the
RP distribution does not shift significantly in the case of low-to-intermediate mixing, the most optimistic enhanced weathering
dissolution occurs under the zero-order approximation. (b) Evolution of £ — s relationship over the year, with cyan, pink, and
orange curves representing low (a = 0.5), intermediate (@ = 0.75), and perfect mixing (@ = 1), respectively. Solid curves
denote § — srelationshipats = 0 and dashed curves denote the relationship at the year for all mixing scenarios, with hatching
indicating the shift of £ — s curves leftward as RP particles shrink in size and migrate into smaller soil pores, maintaining the
same degree of mixing over the year. The green line shows the default linear approximation, which remains unchanged
throughout the simulation, and the blue line indicates the zero-order approximation, for which £ = 1 throughout the year.

reactive at a given time. Using typical soil pore structures and RP particle size distributions, we showed that the
wet SA scales dynamically and nonlinearly with soil moisture, marking a clear step forward from prior as-
sumptions of zero-order (Beerling et al., 2020; Kanzaki et al., 2022; Taylor et al., 2016) or linear dependencies
(Bertagni et al., 2025; Cipolla et al., 2021b).

The scaling factor, derived by linking RP SA wetness to soil pore and RP particle size distributions, suggests that
the wet SA, and therefore weathering fluxes, can be substantially lower than classical EW assessments assumed in
soils. For instance, the simulations in this study showed that, compared to a zero-order approximation of the wet
SA, average weathering rates were reduced by approximately 14% to as much as 97%, depending on the degree of
mixing, from perfect to low-mixing scenarios. While other abiotic and biotic factors undoubtedly contribute to the
discrepancy observed in EW rates in soils (Brantley, 2025; Calabrese et al., 2022), our findings highlight the
critical role of soil structure and particle mixing in regulating water accessibility for EW reactions, underscoring
an important yet often overlooked source of uncertainty in EW assessments. This is primarily because a portion of
the introduced RP particles may not come into contact with water-filled pores, either due to their coarser size or
low mixing degree. As a result, there is a sharp, nonlinear reduction in dissolution rates under intermediate to dry
soil moisture conditions, whereas under well-watered conditions, the scaling factor is not expected to play an
important role in weathering dynamics.

Beyond the application to SMEW shown here, the scaling factor ¢ can be seamlessly integrated into other
continuum-scale ecohydrological and biogeochemical models, potentially enhancing their predictive capabilities
without requiring computationally expensive pore-scale transport modeling (Jung & Navarre-Sitchler, 2018; L. Li
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etal., 2006; Molins et al., 2012; Parmigiani et al., 2011). In vertically resolved reactive transport models (Beerling
etal., 2020; K. Deng et al., 2022; Kanzaki et al., 2022; Kanzaki et al., 2024; Taylor et al., 2016), the mixing factor
£ can be assigned to each soil layer, with a clear dependence on soil depth. This allows surficial application to be
represented by applying the RP only in the uppermost layers, while subsequent redistribution through rainfall,
bioturbation, or tillage determines how particles move downward and become distributed within the soil pore
structure. In this way, the modeling approach can potentially capture the vertical structure of RP placement under
different application and mixing scenarios.

The general form of £ in Equation 3 requires knowledge of the soil pore structure at a given time to determine the
largest water-filled pore size for a given soil moisture value. In the theoretical analysis and numerical simulations
presented in Section 3, we used a single soil pore size distribution (f,(£)) across RP mixing scenarios. This choice
reflects our focus on small changes in soil properties to assess the sensitivity of simulated weathering fluxes to
mixing degree under otherwise identical conditions, consistent with the simulation setup (Figure S1 in Supporting
Information S1). This assumption can be relaxed for applications in which RP addition or soil disturbance
processes substantially alter the pore structure. For example, as summarized in Table S1 in Supporting Infor-
mation S1, we synthesized mesocosm and field EW studies to estimate changes in bulk porosity associated with
different application rates, minerals, and soil types, thereby approximating the fraction of original soil pore
volume occupied by rock-powder particles. Bulk soil porosity changes before and after RP application range from
approximately 1%—5% Dietzen et al. (2018); Kelland et al. (2020) to as high as 12%—13% te Pas et al. (2023), the
latter reflecting intentionally high application rates designed to obtain detectable short-term responses. In such
cases, an updated pore size distribution should be used for each RP application when computing & using
Equation 3 to quantify changes in soil properties and their implications for EW dissolution dynamics.

We employed Equation 4 to quantify the degree of RP mixing within the soil matrix; however, the framework is
general and can accommodate any mapping function supported by theoretical or empirical observations. Recent
advances in Micro-Computed Tomography for mineralogical mapping (Roslin et al., 2023) or Micro-XRF
elemental mapping (Lippold et al., 2025), as well as traditional electron or optical microscopy approaches,
could shed light on the distribution of the material within the soil pore space. Empirical data on mixing, although
challenging to obtain, might be particularly valuable, since even small particles may cluster in large pores due to
incomplete mixing, especially early in deployment before rainfall or bioturbation distributes RP particles more
uniformly. This may help explain counterintuitive observations, such as finer particles dissolving more slowly
than coarser ones (Amann et al., 2020), potentially due to their placement in less hydrated pores. Moreover, as RP
particles dissolve, their sizes are expected to evolve, leading to a dynamic interplay between soil pore architecture
and particle distribution. Smaller particles may migrate into finer pores, particularly during rainfall or irrigation
events in natural or mesocosm experiments, where colloidal transport can be triggered (Calabrese et al., 2018; S.
Lietal., 2013; Mohanty et al., 2015; Wang et al., 2020). The framework developed here can thus guide hypothesis
testing on the roles of soil structure, particle size, and mixing degree, as well as support exploration of best-to-
worst-case outcomes in EW assessments.

Correctly representing the reactive RP SA in the soil is critical for assessing the actual weathering rates, and here,
we provided a mechanistic representation of it based on soil hydrology and the distributions of soil pores and RP
particles. While this framework improves upon classical (zero-order) kinetic formulations (Palandri and Khar-
aka, 2004) for the soil environment, it does not account for other biogeochemical processes that can influence
weathering fluxes, either enhancing weathering rates (e.g., biotic activity) or inhibiting them (e.g., RP particle
coating). As RP dissolves and releases weathering products, concentration gradients, diffusive limitations, and
local saturation conditions can arise (Andrews & Taylor, 2019; Calabrese et al., 2022; White & Brantley, 2003),
especially within small-scale pores. These dynamics underscore the need for further analysis to bridge soil
structure and hydrology with moisture biogeochemistry. In this direction, it would also be useful to explore how
the RP addition, especially at high loads, might influence soil hydraulic properties, such as the soil water retention
curve, which in turn impacts soil hydrological partitioning, vegetation growth, and the soil biota at broad.

The lack of quantitative and mechanistic parameterizations for these nano-to-microscale processes, which hinder
our predictive power for EW applications and CO, removal potential, stems from the complexity and hetero-
geneity of the soil environment. Addressing this challenge requires new theoretical formulations and experi-
mental approaches to isolate the impacts of different biogeochemical processes on weathering rates. In this
context, the framework provided herein may serve as a valuable tool for investigating pore-dependent processes,
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like the biotic-driven weathering that is most likely to occur at the micropore interface when moisture conditions
are more hospitable for microbial growth. While the present work clarifies one key aspect of how soil structure
influences EW rates, further theoretical and observational research is essential to generalize dissolution behavior
across diverse soils and climates.
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